Hexosaminuronic acids of glucose, galactose, mannose, and gulose types are found in bacteria as the specific components of surface polysaccharides. Most of the hexosaminuronic acidcontaining polysaccharides are antigens from pathogens, and information on the occurrence of these hexosaminuronic acids in nonpathogenic bacteria is limited. D-Mannosaminuronic acid has been detected in a capsular polysaccharide of Vibrio parahaemolyticus (23, 28) , in an acidic cell wall polysaccharide of Micrococcus lysodeikticus (7, 24) , a staphylococcal surface antigen (30) , and the K7 antigen of Escherichia coli (21) . Moreover, this hexosaminuronic acid was shown to be distributed among enterobacteria as an essential constituent of enterobacterial common antigens (19, 20) . D-Mannosamine has been found only in a few bacterial polysaccharides, such as types 19 and 57 pneumococcal polysaccharides (15, 31) , acidic polysaccharides of Neisseria meningitidis (17) and Bacillus pumilus (29) , cell wall polysaccharides ofBacillus cereus (1, 26) , and lipopolysaccharides of group F vibrios (14) .
Recent studies in our laboratory indicate that UDP-N-acetylmannosaminuronic acid is formed in bacteria from UDP-N-acetylglucosamine by successive actions of UDP-N-acetylglucosamine 2-epimerase and UDP-N-acetylmannosamine dehydrogenase (12, 13) . Both enzyme activities were found in crude enzyme preparations from several strains of Bacillus species in which the occurrence of mannosaminuronic acid or mannosamine has not been reported. This result suggests that mannosaminuronic acid, mannosamine, and the related saccharides may be distributed rather widely among bacteria, probably as the components of surface polysaccharides. This paper reports the results of studies on the distribution among Bacillus species of mannosamine, mannosaminuronic acid, and the enzymes responsible for the formation of these saccharides. MATERIALS were obtained from the culture coliection of the Faculty of Agriculture of Hokkaido University. B. megaterium T was given by J. L. Strominger, Harvard University. Other strains were the same as those described in a previous paper (9) . Bacteria were grown in a medivm containing 0.5% yeast extract, 0.5% peptone, 0.5% meat extract, 0.2% glucose, and 0.2% K2HPO4 at pH 7.2 under the same conditions as described previously (2) , except that B. coagulans and B. polymyxa were grown in a medium supplemented with a metal solution (11) .
Prepaation of crude enzyme and membrane fraction. Cells harvested from 2 liters of culture at half-maximal growth (wet weight of 3 to 8 g) were suspended in 40 ml of ice-cold 20 mM Tris-hydrochloride, pH 7.8, and disrupted at 4°C for 5 min in a 10-kHz sonic oscillator. The following procedures were also conducted at 0 to 4PC. The homogenate was centrifuged at 20,000 x g for 20 mmn, and the supernatant was then further centrifuged at 100,000 x g for 60 min. The precipitate was resuspended in 1.5 ml of 20 mM Tris-hydrochloride, pH 7.2, and used as the membrane fraction. The supernatant from centrifugation at 100,000 x g was diluted by adding four volumes of TMG buffer (20 mM Tris-hydrochloride, pH 7.4, 2 mM 2-mercaptoethanol, 10% glycerol) and brought to 70%6 saturation with solid ammonium sulfate. The resulting precipitate was collected by centrifugation, dissolved in 16 ml of TMG buffer, and used as the crude enzyme after dialysis against the same buffer. For the UDP-N-acetylmannosamine dehydrogenase assay, the dialysis was omitted because it caused some loss of the dehydrogenase activity.
Away of 2.eplmerase and dehydrogenase activities. The procedure for the assay of UDP-N-acetylglucosamine 2-epimerase was essentially the same as the procedure for epimerase assay B described previously (13) . The crude enzyme (0.01 to 0.2 mg of protein) was incubated with 0.5 mM UDP-N-[14C]acetylmannosamine (500 cpm/nmol) and 0.5 mM UDP-N-acetylglucosamine for 10 min at 37°C in 20 p1 of 50 mM Trishydrochloride, pH 8.9, and the nucleotide sugars were then hydrolyzed in 0.02 M HCI for 15 min at 100°C. After neutrlization and deionization, the resulting Nacetylhexosamines were separated by paper electrophoresis in 50 mM sodium tetraborate, pH 10, and the N-acetylhexosamine spots were cut and counted for radioactivity in a liquid scintillation counter, using toluene-based scintillation fluid. The total radioactivity recovered was greater than 80%. The epimerization was proportional to the amount of enzyme added until about 20% of the labeled substrate had been converted. A unit of the epimerase catalyzes the formation of 1 p.mol of UDP-N-acetylglucosamine per min under the above conditions. UDP-N-acetyhnannosamine dehydrogenase was assayed by the method described previously as dehydrogenase assay 6 (12) . A reaction mixture, containing 0.5 mM UDP-N-[14C]acetylmannosamine (500 cpm/ nmol), 100 mM Tris-hydrochloride, pH 9.3, 2 mM NAD+, 20 mM 2-mercaptoethanol, bovine serum albumin (0.5 mg/ml), and the crude enzyme (without dialysis) in a final volume of 20 ,ul, was incubated for 30 min at 370C. After the reaction was terminated by heating, UDP-N-l4C]acetylmannosaminuronic acid formed was separated from the remaining substrate by paper chromnatography in 95% ethanol-i M ammonium acetate, pH 7 (75:30, vol/vol), and the nucleotide sugar spots were cut and counted for radioactivity. The total radioactivity recovered was about 95%. The labeled product formation was proportional to the amount of enzyme until about 30%o of the substrate had been converted to the product. A unit of dehydrogenase catalyzes the formation of 1 volume of 20 p1. After incubation for 30 min at 25°C, the reaction was terminated by the addition of 2 pul of isobutyric acid, and the mixture was subjected to paper chromatography in isobutyric acid-0.5 M NH40H (5:3, vol/vol). The radioactivity of material remaining at the origin was counted in a liquid scintillation counter. A unit of enzyme catalyzes incorporation of 1 ,umol of N-acetylmannosaminuronic acid per min into polymer under the above conditions.
Preparation and reduction of cell wails. Cells were harvested at half-maximal growth and disrupted in a sonic oscillator as described above. The cell walls were isolated from the cell homogenates in a procedure involving heating, digestion with RNase and trypsin, and treatment with sodium dodecyl sulfate, as described previously (2) . N-Acetylation of cell walls was carried out with acetic anhydride in an NaHCO3 solution (2) .
The reduction of carboxyl groups in N-acetylated cell wall preparations was performed by the method of Taylor and Conrad (27) . To an aqueous suspension (5 ml) of N-acetylated cell walls (10 mg), about 200 p,mol of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide was added, and the pH of the suspension was adjusted to 4.8 with HCI. After the suspension was stirred for 2 h at pH 4.8 at room temperature, 3 ml of an aqueous NaBH4 solution was added slowly, and stirring was continued for 1 h at pH 9.7. Insoluble material was collected by centrifugation and washed in water. The resulting material was reduced once more by the same procedure, and the product was collected by centrifugation and used as the reduced cell wall preparation after being washed and lyophilized.
Materias and analytia methods. Amino acids, amino sugars, and muramic acid 6-phosphate were analyzed in a Shibata AA-100 Autoanalyzer (1) with samples (0.2 to 1.5 mg) hydrolyzed in 4 M HCI for 8 h at 100°C in sealed tubes. Under these conditions, the hydrolysis of peptide linkages in cell walls was practically complete, and the recovery of amino sugars was maximum. The samples of cell walls were N-acetylated before acid hydrolysis, because the presence of Nunsubstituted glucosamine residues in peptidoglycan causes incomplete hydrolysis of glycosidic linkages (2) . The analyses were also carried out with hydrolysates of cell wall samples which had been reduced after N-acetylation. Total phosphorus was determined by the method of Lowry et al. (18) , and hexoses were determined by the phenol-H2SO4 method (6) . Hexoses, ribitol, and glycerol were analyzed by gas-liquid chromatography after trimethylsilylation (26) . 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide was obtained from Protein Research Foundation, Osaka, Japan. UDP-N-acetylmannosamine, unlabeled and acetyl labeled, and UDP-N-acetylmannosaminuronic acid, unlabeled and acetyl labeled, were prepared on September 29, 2017 by guest http://jb.asm.org/ Downloaded from enzymatically as described previously (12) . Other materials and methods were the same as those described in previous papers (1, 2, 26) . RESULTS Dbibution of enzymes. Nine different Bacillus species (18 strains) were arbitrarily chosen for studies on the distribution of mannosamine, mannosaminuronic acid, and enzymes presumed to function in the formation and utilization of these saccharides. The crude enzymes prepared by ammonium sulfate precipitation from the supernatant fraction of cell homogenates were assayed for the activities of UDP-N-acetylglucosamine 2-epimerase and UDP-N-acetylmannosamine dehydrogenase. Of the 18 strains tested, B. megaterium AHU1240 and AHU1375 and B. subtilis AHU1031 have previously been reported to possess the dehydrogenase activity. Further investigation revealed that three additional strains, B. megaterium AHU1373 and T and B. polymyxa, also possessed this enzyme activity ( Table 1 ). The enzyme preparations from other strains showed no appreciable dehydrogenase activity. In contrast, the UDP-N-acetylglucosamine 2-epimerase activity was found in all of the strains tested. For instance, when the crude enzyme preparations from B. megaterium AHU1373 were used for the assays of epimerase (0.04 mg of protein) and dehydrogenase (0.02 mg of protein), the radioactivities in the N-acetylglucosamine and UDP-N-acetylmannosaminuronic acid spots were 670 and 1,390 cpm, respectively, under the standard assay conditions.
The above results suggest that, at least in the six strains the dehydrogenase reaction product UDP-N-acetylmannosaminuronic acid may be involved in pathways for the synthesis of cell constituents. To test this possibility, we incubated UDP-N-[14C]acetylmannosaminuronic acid with the membrane fraction from each strain in the presence of UDP-N-acetylglucosamine and UDP-glucose, and the incorporation of radioactivity into polymer was measured. Significant incorporation of N-acetylmannosaminuronic acid was detected only in the membranes from the dehydrogenase-containing strains (Table 1) . When the membrane fraction from B. megaterium AHU1240 (0.1 mg of protein) was used for the assay, the radioactivity incorporated into polymer under the standard assay conditions was 6,800 cpm. However, the value of polymerase activity expressed as units was much smaller than that of dehydrogenase activity. This small value may have been due to the limited amount of the labeled substrate added to the reaction mixture, and the data seem to be rather qualitative. In this reaction system, omission of either UDP-N-acetylglucosamine or UDP-glucose resulted in a marked decrease in the formation of the labeled product. Cell wall preparation. The cell walls, prepared from each strain as described in Materials and Methods, were analyzed for constituents after acid hydrolysis. Since preliminary experiments indicated that in most of the cell wall preparations the peptidoglycan components were Nunsubstituted at considerable portions of glucosamine residues, each cell wall preparation was N-acetylated with acetic anhydride before analysis. The analytic data indicated that each cell wall preparation contained typical peptidoglycan components, namely, glutamic acid, alanine, muramic acid, and either 2,6-diaminopimelic acid or lysine (or ornithine) in an approximate molar ratio of 1:1.5-2.0:1:1. In addition, the cell walls from B. sphaericus and B. polymyxa contained aspartic acid, and the cell walls from B. subtilis AHU1235 and AHU1392 and B. licheniformis gave excess alanine. The amounts of peptidoglycan disaccharide units ranged from 300 to 770 nmol/mg.
Assay of mannosaminuronic acid. The quantitative determination of hexosaminuronic acids in polymers is difficult because of the instability of polymers to acid and because of the unavailability of a specific assay method. In the present study, mannosaminuronic acid in the cell wall preparations was assayed after the conversion of this component to mannosamine by treatment of the cell walls with the water-soluble carbodiimide reagent followed by reduction with NaBH4. Figure 1 shows typical elution profiles in an amino acid analyzer of acid hydrolysates of mannosaminuronic acid-containing cell walls. In the direct analysis of N-acetylated cell walls, a peak of unknown material, compound X, was found along with the peptidoglycan components and small amounts of mannosaminuronic acid and mannosamine. In the hydrolysates of reduced cell walls, on the other hand, a muchincreased amount of mannosamine was detected, whereas the peaks of mannosaminuronic acid and compound X disappeared. A decrease in some peptidoglycan components was also observed on reduction of cell walls. In the routine analysis, the reduction of a cell wall sample was carried out twice successively, and the mannosaminuronic acid content in the original cell walls was calculated from the difference between the mannosamine values of the reduced and the nonreduced samples. Further repetition of reduction made no difference in the mannosamine content. The feasibility of this process was tested with the cell walls of M. lysodeikticus ATCC 4698, which is known to have a polysaccharide composed of an equimolar amount of Nacetylmannosaminuronic acid and glucose (7, 24) . A molar ratio of 1/1.12 was obtained for mannosamine and hexose in the reduced cell walls of this strain.
Distribution of mannosamine and mannosaminuronic acid. The results of analysis of cell walls from Bacillus species are summarized in Table  2 . It is shown that mannosaminuronic acid was present in the cell walls of those strains of bacilli which possessed UDP-N-acetylmannosamine dehydrogenase. The cell walls of these strains also contained hexose and excess amounts of glucosamine over muramic acid. Thus, in the cell walls of B. subtilis AHU1031, B. polymyxa, and four strains ofB. megaterium, N-acetylmannosaminuronic acid appeared to constitute a sort of teichuronic acid together with N-acetylglucosamine and hexose. This conclusion is consistent with the detection in these strains of the enzyme activity that incorporates N-acetylmannosaminuronic acid into polymer in the presence of UDP-N-acetylglucosamine and UDP-glucose (Table 1) .
On the basis of the mannosamine content in Bacillus species as components of cell walls. Mannosaminuronic acid was found in a limited number of species, whereas mannosamine was distributed rather widely among various species of this genus. Data on the distribution of UDP-Nacetylglucosamine 2-epimerase and UDP-N-acetylmannosamine dehydrogenase account for the formation of the two saccharides in the nucleotide-linked form in each strain. The results of enzymatic and analytical studies suggest that mannosaminuronic acid, together with glucose and Nacetyiglucosamine, constitutes a polysaccharide in the cell walls of six strains. In addition, the membranes of these strains were shown to catalyze a substantial UDP-N-acetylmannosaminuronic acid-dependent incorporation of N-acetylglucosamine from UDP-N-acetylglucosamine in the presence of UDP-glucose (data not shown). Upon strong acid hydrolysis, each ofthe mannosaminuronic acid-containing cell wall preparations yielded a fragment denoted as compound X, which was tentatively identified as a disaccharide mannosaminuronyl-glucosamine (data not shown). Similar hexosaminuronic acid-containing disaccharides, mannosaniinuronyl-fucosamine and galactosaminuronyl-fucosamine, have also been isolated from hydrolysates of Staphylococcus aureus T polysaccharide (30) and S. aureus M polysaccharide (6k, respectively. A structural study on the acidic polysaccharide of B. subtilis AHU1031 is in progress.
It is of great interest to clarify the significance of mannosamine present in small amounts in cell walls of various strains. Baddiley and collaborators reported that the cell wall ribitol teichoic acid of S. aureus (4) and the N-acetylglucosamine 1-phosphate polymer of Micrococcus varians (10) are linked to peptidoglycan through a unique linkage unit composed of a glycerol phosphate trimer and N-acetylglucosamine. A similar linkage unit has also been reported for the ribitol teichoic acid of B. subtilis W23 (5). The teichuronic acid of M. lysodeikticus is linked to peptidoglycan through a disaccharide unit having a reducing terminal N-acetylglucosamine residue (8, 25) . By analogy, it can be inferred that the mannosamine is a component of linkage units between peptidoglycan and particular polysaccharides such as glycerol teichoic acid in the cell walls. This inference is supported by the fact that all of the cell wall preparations which appeared to have glycerol teichoic acid, namely, the preparations from four B. subtilis strains, B. cereus AHU1030, B. coagulans AHU1366, and B. licheniformis AHU1371, contained small amounts of mannosamine. Recent studies on the structure and biosynthesis of cell wall glycerol teichoic acid of B. cereus AHU1030 revealed that the glycerol teichoic acid chain is linked to a 6-phosphorylated muramic acid residue of peptidoglycan through a disaccharide unit, N-acetylmannosaminyl (1 --4) N-acetylglucosamine (22, 26) . Further studies on the function of mannosamine in the assembly of polymer components in the cell walls of Bacillus species are in progress.
